ABSTRACT. In view of the suggested relationship between substrate availability, fetal growth and circulating fetal IGF-I concentrations, we investigated the effect of maternal starvation on plasma IGF-I levels in the late gestation ovine fetus. Ten fetuses aged 125-130 d gestation were sampled daily from indwelling arterial catheters. Ewes were starved for 72 h. Starvation was terminated with an intravenous infusion of 10% glucose to the ewe. Food was then replaced 4 h later. Fetal IGF-I concentrations fell from 176.1 2 15.2 ng/mL before starvation to 124.5 f 10.3 ng/mL after 72 h starvation (p < 0.05, n = 10). The fall in IGF-I concentrations was reversed by 4 h of maternal glucose infusion. In five fetuses, where samples were obtained 24 h after terminating the starvation, fetal IGF-I concentrations were comparable to those seen before starvation (180.0 + 37.7 ng/mL). This study demonstrates that acute maternal starvation causes a reversible decrease in fetal plasma IGF-I levels. These studies suggest that nutrient and in particular glucose availability is a significant determinant of fetal IGF-I secretion and support the hypothesis that IGF-I may play a role in the regulation of fetal growth. (Pediatr Res 27: 401-404, 1990) Abbreviations GH, growth hormone
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The role of IGF in fetal life remains speculative. However, limited evidence suggests that IGF-I may have an important role in the regulation of fetal growth. IGF-I levels in umbilical cord blood at delivery have been shown to correlate with birth wt in a number of species including the rat (1, 2), rabbit (3), sheep (4), cow (5) , and man (6) (7) (8) . Studies in the fetal guinea pig (9) and fetal sheep (10, 11) have demonstrated that chronic alterations in placental function leading to fetal growth retardation result in decreases in fetal IGF-I levels. Such studies suggest that substrate availability may play a role in regulating fetal IGF-I secretion and that IGF-I may be an endocrine regulator of fetal growth. T o further elucidate the role of nutritional factors in the acute regulation of fetal IGF secretion we investigated the effects of maternal starvation and refeeding on plasma IGF-I levels in the late gestation ovine fetus.
MATERIALS AND METHODS
Animals and surgical procedures. Romney ewes time mated with Suffolk rams provided fetuses of known gestational ages for these studies. At 125-1 30 d gestation (term = 145 f 3 d) ewes were brought into the laboratory and allowed 4-5 to become acclimatized to laboratory conditions before undergoing surgery. Fetal vascular surgery was performed under sterile conditions using halothane anaesthetic. Vascular catheters were inserted into the fetal femoral artery and vein and into the maternal tarsal artery and vein to obtain regular blood samples. Fetus and mother were allowed 5 d postoperative recovery before commencing the experiment. Ewes were fed a mixture of chaffed hay, lucerne, and barley ad libitum with water freely available.
Experimental protocol. Blood samples were collected in sterile preheparinized syringes. Fetal and maternal blood samples were obtained for 2 d before commencing the starvation. Ewes were then starved for 72 h but with water ad libitum. Starvation was terminated with a maternal i.v. infusion of 10% glucose (0.5 mL/min). This was maintained for 4 h and then food was replaced and the ewe allowed to eat ad libitum. Glucose infusion was reduced to 2% (0.5 mL/h) and continued for another 12-1 8 h. This approach achieved an abrupt reversal in fetal substrate deprivation. Fetal and maternal blood samples were collected simultaneously twice daily. Plasma was separated by centrifugation and frozen at -20°C until assayed. This protocol was approved by the institutional Animal Ethical Committee.
Assays. Fetal and maternal plasma samples were analyzed for glucose by the glucose oxidase method using an autoanalyser (Beckman glucose analyser 2, Beckman Instruments Inc., Fullerton, CA). Fetal and maternal IGF-I concentrations were determined by RIA (12) after a modified acid ethanol extraction of the plasma. The principal modification was the addition of a cryoprecipitation step. This extraction technique has been developed and validated for fetal sheep plasma (13) . In brief, 50 pL of fetal serum or plasma were diluted 1: 10 with 450 FL of 0.01 M PBS (pH 7.6). To this 2 mL of acid-ethanol mixture (87.5% absolute ethanol, 12.5% 2 N hydrochloric acid vol/vol) were added, mixed thoroughly, and allowed to stand for 30 min at room temperature. Samples were then centrifuged at 36 000 rpm at 4°C for 30 min. Supernatants were decanted and 1 mL of 0.855 M Tris base added to neutralize the pH. Samples were then mixed and cryoprecipitation was achieved by incubation at -20°C for 1 h before centrifugation at 3600 rpm for 30 min at 4°C. The supernatant of each sample was then decanted and analyzed for IGF-I using an antibody (863/5) raised in New Zealand White rabbits to recombinant human N-terminal methReceived September 6, 1989; accepted November 30, 1989. ylated (rh-met) IGF-I. This antibody was used at a final dilution 
DISCUSSION
The evidence suggesting that the IGF play a role in the regulation of fetal growth has remained largely indirect and inferential (1 5-19). Plasma IGF-I concentrations have been shown to correlate with birth size in many species (2) (3) (4) (5) (6) (7) (8) . Experimentally induced fetal growth retardation in several species has been associated with decreases in fetal IGF-I concentrations. Studies in the pregnant rat (20) and guinea pig (9) have demonstrated that chronic restriction of uterine blood flow results in a decrease in fetal IGF-I concentrations. Similarly in the fetal sheep a reduction in placental size by carunclectomy also results in a decrease in fetal IGF-I levels and in fetal wt (lo, 11, 21) . Such studies suggest that restrictions in fetal nutritional substrate and/ or oxygen delivery that impair fetal growth also induce a fall in plasma IGF-I. It seems likely that these two observations are causally related. However, such inferences are based on manipulation that leads to chronic alterations in nutrient supply and placental function. In contrast, our study was designed to assess the role of nutrient supply in the acute regulation of fetal IGF-I secretion.
The regulation of circulating IGF-I secretion appears to differ between fetal and postnatal life. Postnatally growth hormone is the major regulator of plasma IGF-I concentrations (22) (23) (24) . In addition, starvation reduces postnatal IGF-I secretion; an effect that appears to be regulated by alterations in GH receptors (25, Mean fetal plasma IGF-I concentrations during the study. The mean for each sample time is indicated (+SEM in one direction only). Statistical differences between sample times were determined by Student's t test after analysis of variance. *p < 0.05 compared to control values.
GLUCOSE CONTROL
26). However, the concentration of GH receptors in the fetal liver are markedly reduced compared to in the postnatal sheep (27, 28) and growth hormone does not appear to play an important role in the regulation of fetal IGF-I release (29, 30) . Thus, although undernutrition leads to a decrease in IGF-I levels both before and after birth it is possible that the processes involved are different. After birth at least part of the decline in plasma IGF-I associated with starvation has been associated with a loss STARVATION of hepatic GH receptors (25, 26) although postreceptor mechanisms have also been implicated (3 1). Given the very low number of G H receptors in the fetus it seems unlikely that changes in G H receptor concentrations mediate the effect of nutrition on fetal IGF-I release.
In our study, the starvation-induced fall in plasma IGF-I was reversed by i.v. glucose infusion alone. The very rapid rise in IGF-I on refeeding may simply reflect the i.v. route of nutrient administration compared to the slower rise seen on refeeding postnatally (25, 32) . Alternatively it may reflect a different manner in which nutrient availability affects IGF-I secretion in the fetus compared to after birth; the latter being at least partially G H dependent. Our observations suggest that fetal glucose delivery is at least one important factor in the regulation of fetal IGF-I secretion. Whether such an effect of glucose is direct or is mediated via alterations in insulin release remains to be elucidated. Certainly insulin has generally been considered to be an important factor in the regulation of fetal growth. In addition, it has been suggested that its effects may be mediated through alterations in fetal IGF-I secretion (2, 19) . Limited evidence has suggested that insulin may stimulate IGF-I release. Insulin has been reported to enhance IGF-I release by the perfused postnatal rat liver (33) . Scanty data in the pig (34) and monkey (35) suggest that fetal hyperinsulinemia is associated with a slight elevation in fetal plasma IGF-I concentrations. Further, IGF-I concentrations are low at birth in infants with transient neonatal diabetes mellitus (36) . In the pancreatectomized sheep fetus, IGF-I levels are low despite hyperglycemia and correlate with fetal insulin concentrations (37) .
Fetal growth in late gestation is significantly affected by substrate (17, 18) and in particular glucose availability (38) . Both chronic and acute nutritional limitation to the mother impair fetal growth. The effects of chronic maternal undernutrition on fetal growth have been reported in the rat (39), sheep (40) , and inferred in man from famine studies (41, 42). Studies in the ovine fetus have demonstrated that complete starvation of the ewe results in a marked retardation in fetal growth rate after 3 d (40) . These effects on both fetal growth rate and IGF-I concentrations suggest a possible causal relationship. Our observations demonstrate the importance of substrate availability as an acute regulator of fetal IGF-I release and provide further indirect evidence for the hypothesis that IGF-I is a determinant of fetal growth.
